. Thus, there is a growing interest in examining quantitative structure-activity relationships (QSAR) for the genotoxicity of aromatic amines. Most of these QSAR studies use Salmonella mutagenicity data as their measure of genotoxicity with the objective of developing predictive models for in vivo toxicity (Kalopissis, 1991; Debnath et al., 1992; Ford and Herman, 1992; Ford and Griffin, 1992) . The work of Sabbioni (1992) using hemoglobin binding of mono-cyclic aromatic amines is an extension of in vitro QSAR studies to an in vivo model.
Our interest in structure-activity studies of aromatic amines is focused on compounds related to the known human carcinogen, benzidine (Messerly et al., 1987; Sinsheimer et al., 1992) . The first of these studies indicated a possible correlation between the mutagenicity of benzidine derivatives and their basicity as affected by ortho substitution (Fujita and Nishioka, 1976; Segura, 1985) . The second study showed for benzidine and 12 related aromatic amines that both the electronic effects of substituents and the degree of conjugation between phenyl rings in a compound were major determinants of the in vitro Salmonella mutagenicity of these amines, but that mutagenicity was not predictive of relative in vivo genotoxicity.
It is the purpose of the present investigation to determine quantitatively substituent electronic (donating/withdrawing) effects on the mutagenicity of benzidine derivatives and their related compounds in Salmonella strains TA98, TA98/1,8-DNP 6 and TA100. In addition, it is also of interest to examine the correlation of mutagenicity with frontier orbital energy (Debnath et al., 1992; Sabbioni, 1992) as well as hydrophobicity (Debnath et al., 1992) of these compounds. For the objective of comparing in vitro and in vivo genotoxicities, chromosomal aberrations (CA) in the bone-marrow cells of mice were determined following intraperitoneal (i.p.)administration of the amines. Test compounds in this paper include benzidine and 8 of its 3,3'-disubstituted derivatives which were selected to examine ortho effects on mutagenicity. 2-Nitro-and 3-nitro-benzidine were also included in the studies for comparison to the genotoxicity of 3,3'-dinitrobenzidine. In a following paper, correlation studies of substituent effects on the genotoxicity of 4-aminobiphenyl and 4-aminostilbene derivatives are presented (You et al., 1993) .
Materials and methods

Test compounds
Benzidine (92-87-5) was purchased from Harleco, Philadelphia, PA, while 3,3'-dimethoxybenzidine (119-90-4), 3,3'-diaminobenzidine (91-95-2) and the positive control, 7,12-dimethylbenz[a]anthracene (DMBA) (57-97-6), were obtained from Aldrich Chemical Co., Milwaukee, WI. 3,3'-Dichlorobenzidine dihydrochloride was purchased from Sigma, St. Louis, MO. This salt was treated with aqueous sodium hydroxide to yield 3,3'-dichlorobenzidine (91-94-1): m.p. 132-133°C (Buckingham, 1982: 133°C) .
3, 3-Dicarbomethoxybenzidine (15403-45-9 ) was obtained by treatment of benzidine-3,3'-dicarboxylic acid (Pfaltz and Bauer, Waterbury, CT) in refluxing methanol containing concentrated sulfuric acid for 2 days. A purified sample (22%, green-grey powder) was obtained through crystallization from ethyl acetate/methanol: m.p. 211-212°C (Iwakura et al., 1973: 212°C) . Proton NMR (270 MHz, CDC13): 8.032 (2H, d, J = 2.0 Hz), 7.492 (2H, dd, J = 8.6, 2.0 Hz), 6.731 (2H, br s), 3.908 (6H, s).
3,3'-Dimethylbenzidine (119-93-7) was prepared by reduction of 3,3'-dicarbomethoxybenzidine with lithium aluminum hydride (> 10 molar equiv.) in refluxing diethyl ether for 1 day. Purification was performed through silica gel column chromatography with hexanes/ethyl acetate (2:1) as solvent to yield a beige-grey powder (24%): m.p. 123.5-125.5°C (Weast and Grasselli, 1989: 131-132°C) . Proton NMR (270 MHz, CDCI3): 7.242 (2H, s), 7.227 (2H, d, J--8.0 Hz), 6.713 (2H, d, J = 8.0 Hz), 3.606 (4H, br s), 2.220 (6H, s).
3,3'-Difluorobenzidine (448-97-5) was synthesized through benzidine rearrangement of 2,2'-hydrazine difluorobenzene which in turn was derived from 2-fluorobenzene (Savard and Josephy, 1986) . It was purified by silica gel column chromatography with hexanes/ethyl acetate (2:1) as solvent to give a brownish powder: m.p. 116-118°C (Savard and Josephy, 1986: 119-120°C) . Proton NMR (300 MHz, CDC13): 7.156 (2H, dd, J = 12.4, 2.0 Hz), 7.100 (2H, dd, J--8.0, 2.0 Hz), 6.797 (2H, dd, J = 9.2, 8.0 Hz), 3.731 (4H, br s).
2-Nitrobenzidine (2243-78-9) was obtained by treatment of benzidine with nitric acid/sulfuric acid (Leslie and Turner, 1933) : m.p. 142-143°C (Buckingham, 1982: 143°C Benzidine was treated with an excess of acetic anhydride (15 equiv) and N,N'-diacetylbenzidine (white powder) was obtained quantitatively by filtration, washing with water and drying under vacuum: m.p. 329-332°C (Weast and Grasselli, 1989: 330-331°C) . This product was used to synthesize the following benzidines.
3,3'-Dibromobenzidine (34237-98-4) was prepared from bromination of N,N'-diacetylbenzidine followed by hydrolysis (Snyder et al., 1949) , and purified through silica gel chromatography with hexanes/ethyl acetate (3:2) to yield a beige solid: m.p. 128.5-130.5°C (Savard and Josephy, 1986: 129-131°C 3-Nitrobenzidine (61841-39-2) was prepared by treatment of N,N'-diacetylbenzidine with nitric acid/acetic acid (Mysyk, 1976) followed by hydrolysis in refluxing aqueous sodium hydroxide. The product was purified by silica gel chromatography with dichloromethane to yield a red solid: m.p. 213-214°C (Buckingham, 1982: 215°C 3,3'-Dinitrobenzidine (6271-79-0) was synthesized by nitration of N,N'-diacetylbenzidine according to the procedure of Barker and Casson (1953) . The product was recrystallized from pyridine/ethyl acetate to give red crystals: m.p. 275-276°C (Buckingham, 1982: 276°C All test compounds at 0.01 /.~mole showed a single spot under UV light on Silica-GF Uniplates (Analtech Inc., Newark, DE) after development with hexanes/ethyl acetate solvent systems. This together with the melting point and NMR data above as well as the chromatograms developed for the determination of partition coefficients indicated that the test compounds were of > 98% purity.
Mutagenicity assays
Compounds dissolved in DMSO were tested for concentration-mutagenicity relationships us-21 ing Salmonella typhimurium strains TA100 and TA98 kindly provided by Dr. B.N. Ames, University of California, Berkeley as well as strain TA98/1,8-DNP 6 kindly provided by Dr. H.S. Rosenkranz, University of Pittsburgh. The standard plate-incorporation assay with and without metabolic activation as described by Maron and Ames (1983) was used. Plates were scored with an automatic counter (Autocount, Dynatech Labs, Chantilly, VA) which had been calibrated against manually scored plates. Each dose was run in triplicate and the dose-response relationship confirmed in a second set of tests. The linear range of the dose-response curve for each amine was determined using the statistical procedures of Bernstein et al. (1982) .
Chromosomal aberrations
Test chemicals were administered i.p. in DMSO (2 ml/kg) as single 100 mg/kg doses to each of 4 mice. Negative control mice were injected with 2 ml/kg DMSO while DMBA was used as a positive control at a dose of 100 mg/kg in DMSO. The dose for the test compounds is based upon our concentration-response data reported for benzidine (Sinsheimer et al., 1992) . CA assays were conducted as previously described (Giri et al., 1989 ) with a scoring time of 24 h after injection which is consistent with the protocol of Preston et al. (1987) . This scoring time was found to be an optimal time for benzidine after testing at 6, 12 and 24 h. All the slides were coded and observed by a single observer where 100 well-spread metaphase cells were scored per animal from each of 4 animals at each concentration tested. Mitotic indices were calculated from 1000 cells/animal and expressed as percentages. The aberration frequencies per cell for chromatid and chromosome types were calculated. Gaps were recorded but not included in the frequency of aberrations per ceil.
Relative partition coefficients
High-performance liquid chromatography (HPLC) was carried out with a C-18 reverse-phase column (Partisil PXS 10/25 ODS-3, Whatman, Clifton, N J) and solvent mixture of water and methanol (45:55 with 0.1% ammonium formate) at a flow rate of 1 ml/min. Samples were dis-solved in methanol for injection and all retention times were confirmed by a second experiment. The partition coefficients were calculated by the method of Carlson et al. (1975) using the relationship 'fi'HPLC = log k~erivative -log k~enzidin e where k' = (retention time -void volume)/void volume.
Frontier orbital energies
All calculations were carried out on a Silicon Graphics computer with IRIS 4D/360GTX central processor. The compounds were geometryoptimized by QUANTA programs with CHARMm force field (QUANTA release 3.2, Polygen Corp.). These energy-minimized structures were then used to calculate the frontier orbital energies (EvloM o and ELUMO) through PM3 approximation (Steward, 1989a,b) of the MOPAC 6.0 package (Quantum Chemistry Program Exchange, Indiana University, Indiana) without further geometry-optimization. Each compound had at least two conformations with energy near the global minimum. Of these conformations, only the frontier orbital energies for the structure with the lowest heat of formation were taken for the correlations.
Results and discussion
In vitro mutagenicity
The Salmonella mutagenicity results with and without $9 activation in strains TA98, TA98/1,8-DNP 6 and TA100 for benzidine and its derivatives are summarized in Table 1 . Each of the corresponding slopes (revertants//~mole) in Table  2 were obtained from the linear portion of the dose-response curve derived from the data in Table 1 . As was to be expected, based upon the well established metabolic activation of aromatic amines to produce DNA alkylating agents (Beland and Kadlubar, 1985 Kadlubar, , 1990 , mutagenicity was greater for all compounds in the presence of rat-liver $9 fractions than in its absence. However, most of the compounds had measurable activity without $9 activation in strain TA98 and with some of the compounds this was also true in strains TA98/1,8-DNP 6 and TA100. The halogenated benzidines had the most pronounced activity without $9 activation in relationship to the response following activation. Savard and Josephy (1986) cited this activity as evidence for multiple mechanisms for the genotoxicity of these compounds. Even with the halogenated benzidines, the majority of the mutagenicity resulted from amino group activation.
The results with strain TA98/1,8-DNP6, with its absence of O-acetyltransferase (Orr et al., 1985; Saito et al., 1985) , showed reduced mutagenicity compared to strain TA98. This decrease was not consistent among compounds, with the 3,3'-dimethoxy derivative and benzidine having the greatest percentage loss and 3,3'-dinitrobenzidine retaining most of its activity. However, the correlation coefficient (r E ) between the log of mutagenicity of TA98 and TA98/1,8-DNP 6 for the 11 compounds in Table 1 is high (0.92). This is also true for the comparison of TA98 to TA100 (0.83), although in the latter series there were lower levels of activity.
In Table 3 are listed the pKa values of o-substituted anilines corresponding to our 3,3'-disubstituted benzidines, experimentally derived pKa values for some of the test compounds, relative partition coefficient (T/'HPLC) values and frontier orbital energies (ErtoM o and ELUMO) of the benzidine derivatives. The aniline values are included as an indication of relative basicity as there is only limited basicity data for the benzidines (Zheltov et al., 1970) . We were able to measure the pKa values of benzidine and 4 of its derivatives by a spectrophotometric method (Albert and Serjeant, 1984) , but the limited solubility of 3,3'-diamino-, 3,3'-dicarbomethoxy-, and 3,3'-dinitro-benzidine prevented their determination. Although the values found for these 5 compounds are larger than those of their structurally similar anilines, these two measures of basicity data correlate well (r 2 --0.94).
3-Nitrobenzidine was included in all our mutagenicity correlations but 2-nitrobenzidine was not. The 2-nitro derivative was excluded since it has a different geometry and its conjugation between the two phenyl rings is reduced by steric interference of the nitro group. This compound is more mutagenic than benzidine which could be explained by the electronic effect of the nitro substituent counteracting the mutagenicity-reducing effect of the loss of conjugation (Messerly et al., 1961; Perrin, 1965) . b Values determined experimentally by the spectrophotometric method of Albert and Serjeant (1984) . c Frontier orbital energies calculated as described in Materials and methods. d Partition coefficients determined by the method of Carlson et al. (1975) . These correlations show a general trend of increasing mutagenicity for the benzidine derivatives with a decrease in their pKa values. Since basicity of a substituted aromatic amine must be influenced by electron-donating/withdrawing ability of its substituent, a relationship between mutagenicity and this electronic effect should also exist. The effect of ortho-substituents has been shown to consist of ordinary electronic, proximity electronic and steric effects (Fujita and Nishioka, 1976; Segura, 1985) . When the steric factor is negligible, the overall effect of ortho-substituent then becomes electronic in nature. This is essentially true for o-substituted anilines, where steric effects accounted for less than 10% of pKa change (Fujita and Nishioka, 1976) . In this case, relative basicity of the anilines reflects relative electronic effects of o-substituents. Also, since the correlations in their study showed a lack of significant hydrogen-bonding disturbance on pKa, the basicity data of these anilines should be a good approximation of the relative electronwithdrawing ability of the o-substituents. Thus our correlations show an overall trend of increasing mutagenicity with an increase in the electron-withdrawing ability of the substituents ortho to the amino group. The most notable deviation from this trend is 3,3'-diaminobenzidine whose regioselectivity for enzymatic activation is unknown and only assumed to be at the 4-amino position.
1987; Sinsheimer et al., 1992). The high mutagenicity of 3-nitrobenzidine is assumed to be
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A structure-mutagenicity study on anilines was reported recently by Kalopissis (1991) , which included basicity as only one of the parameters. Our model is different in that we correlate mutagenicity using solely the relative basicities of the benzidines. While both models depend upon basicities, the results are different. For example, we can explain the very high mutagenicity of 3,3'-dinitrobenzidine (very low pKa) and the relatively low potency of 3,3'-diaminobenzidine (high pKa) while the Kalopissis model assigns low mutagenicity to 2-nitroaniline and very high potency to 2-aminoaniline.
An examination of the effect of hydrophobicity on mutagenicity shows that there is only a poor correlation between the log of mutagenicity and rrHPLC values (r 2 = 0.40, 0.42 and 0.26 for TA98, TA98/1,8-DNP 6 and TA100 respectively). Also, a combination of pKa and ~rHPLC data does not or only marginally improves the correlation with mutagenicity over that with pKa alone.
Correlation studies of mutagenicity with ELUMO give similar results to that with pKa. On the other hand, substantially less correlation is obtained for EHOMO (r 2= 0.52, 0.49 and 0.53 for TA98, TA98/1,8-DNP 6 and TA100 respectively). A combination of ELUMO and ~'HPLC data produces little or marginal improvement over ELUMO alone. In the established genotoxicity mechanisms for aromatic amines (Beland and Kadlubar, 1985; 1990) , the intermediate N-hydroxylamine and ultimate DNA binding species, the nitrenium ion (Helmick and Novak, 1991) , could serve as the basis of our correlations. There have been a number of proposals in this regard based on solubility and stability concepts. Debnath et al. (1992) stressed the importance of hydrophobicity in their Salmonella mutagenicity correlations for a large number of compounds of diverse structures. Our results, however, for a more closely related series of amines showed that mutagenicity was highly dependent on the electronic effects of benzidine substituents and largely independent of the relative partition coefficients of these benzidines. Ford and Herman (1992) found a limited correlation between Salmonella mutagenicity and the stability of the nitrenium ion for some polycyclic aromatic amines. The more stable the nitrenium ions, the more mutagenic were the corresponding aromatic amines. Since electron-withdrawing groups which increased the mutagenicity of our benzidine derivatives would destabilize the nitrenium ions, this rationale cannot explain our correlations.
The stability of the N-hydroxylamines, however, may be used to explain our results in a way similar to that of Vance et al. (1987) for the mutagenicity of 2-nitrofluorene derivatives. NHydroxylamines are generally unstable species with strong lone pair-lone pair electron repulsion between the bonding nitrogen and oxygen atoms. Electron-withdrawing groups can reduce such repulsion and help stabilize hydroxylamines, thus allowing longer diffusion paths and an increased probability of interaction with DNA. Destabilization by electron-withdrawing groups of the nitrenium ions may also increase mutagenicity since these ions on one hand should have shorter life times, but on the other, should also be more reactive toward DNA.
In vivo genotoxicity
Benzidine and its derivatives were also compared for their in vivo genotoxicity where the end point was induced chromosomal aberrations in Table 4 . At a dose of 100 mg/kg, a statistically significant increase in genotoxicity was established for all the compounds in comparison to the DMSO negative control. However, none of the compounds approached the genotoxicity of the positive control, DMBA. The relative genotoxicity in vivo did not correlate to our in vitro mutagenicity data. While the 3,3-dinitro-and 3-nitro-benzidine derivatives were again among the most genotoxic, it was only for the 3-nitro derivative that a statistically significant increase in genotoxicity over that for benzidine could be established. In contrast to the in vitro results, 2-nitrobenzidine and 3,3'-dimethoxybenzidine were among the more genotoxic compounds and the halogenated and carbomethoxy derivatives were significantly less genotoxic than benzidine. It is of interest that the relative genotoxicity of benzidine, which was the least mutagenic compound in vitro, exhibits genotoxicity generally greater or at least equal to the other compounds in vivo. This might be explained by the established role of N-acetylation of one amino group prior to activation and DNA binding of benzidine in vivo Kadlubar, 1985, 1990 ). This activation pathway was limited under our in vitro conditions (Kennelly et al., 1984) . Also, the multiple metabolic routes for the activation of a hydroxylamine by esterification prior to nitrenium ion formation available in vivo (Beland and Kadlubar, 1985) but absent under our in vitro conditions (Weeks et al., 1978; Wirth and Thorgeirsson, 1980 ) would contribute to the differences in genotoxicity in vivo vs. in vitro. An additional potential metabolic activation pathway that could play a role in the genotoxicity of benzidine compounds in vivo but that would be absent under our in vitro conditions would be oxidation by peroxidase enzymes (Josephy, 1986; Kadlubar et al., 1986) . Thus, while it is reasonable to assume that the substituents have similar effects on the stability and activity of N-hydroxylamines as well as nitrenium ions in vivo as in vitro, the differences between the two systems such as longer diffusion paths and different metabolic pathways of amine activation and detoxication for in vivo 29 vs. in vitro could account for the differences between these two series of genotoxicity results.
